Background--Ischemic cardiomyopathy (ICM) and dilated cardiomyopathy (DCM) differ in histopathology and prognosis. Although transendocardial delivery of mesenchymal stem cells is safe and provides cardiovascular benefits in both, a comparison of mesenchymal stem cell efficacy in ICM versus DCM has not been done.
O ver the past 20 years, cell-based therapy has emerged as a potentially safe therapeutic option that addresses an unmet need for heart disease.
1,2 However, despite numerous phase I and II clinical trials, there is ongoing controversy as to the ideal patient population for cell treatment. Considering that ischemic cardiomyopathy (ICM) is a leading cause of death worldwide and nonischemic dilated cardiomyopathy (DCM) is a progressive disorder with a high morbidity and mortality, often culminating in heart transplant, novel regenerative therapies are required to treat both underlying causes of left ventricular (LV) dysfunction and heart failure (HF). 3 Bone marrow-derived human mesenchymal stem cells (MSCs) are particularly promising because they possess antifibrotic, proangiogenic, and immunomodulatory properties that stimulate repair of damaged tissues. 4 MSCs are immunoprivileged secondary to their lack of major histocompatibility complex class II and costimulatory factors, 5 which allows their use as an allogeneic graft. While the safety of both autologous and allogeneic MSCs is reasonably well established, studies have demonstrated that allogeneic MSCs derived from young, healthy donors are more efficacious. 1, 5, 6 Notably, these cells are shown to be a safe method to improve cardiac structure and function in preclinical and clinical trials. 1, 2, [7] [8] [9] [10] [11] [12] The question remains: In which pathologic setting are MSCs most effective? Whether ischemic or nonischemic cardiac pathologies are more amenable to MSC administration remains unknown, and a deeper understanding of the differences in response to cell-based therapies can help focus research and therapeutic efforts. The etiologies of ICM and DCM are inherently different, primarily because of the presence of atherosclerotic lesions in the former, which leads to ischemia and cardiac necrosis, while infectious, autoimmune, and genetic factors contribute to DCM. [13] [14] [15] [16] Nevertheless, both diseases are marked by some degree of fibrosis, remodeling, and a variable amount of viable, yet dysfunctional, myocardium. 13, 17, 18 In addition, both are characterized by immune dysregulation with elevated circulating levels of inflammatory cytokines. 19, 20 Persistent inflammation is a possible mechanism for the increased reactive oxygen species, nitroso-redox imbalance, fibrosis, apoptosis, and impaired angiogenesis seen in LV remodeling. 17, 21 Given that MSCs secrete numerous paracrine factors that attenuate these mechanisms and possess immunomodulatory properties, they are a promising therapy for both forms of cardiomyopathy. 
Inclusion Criteria
Inclusion and exclusion criteria were similar in TAC-HFT and POSEIDON for enrolling patients with ICM. Briefly, patients with chronic LV dysfunction secondary to myocardial infarction, as documented by confirmed coronary artery disease with corresponding areas of wall motion abnormalities, were included. EF was <50% confirmed within 6 months of study recruitment, without a recent ischemic event. The POSEIDON-DCM study included patients with an EF of 40% or lower and either an LV end-diastolic diameter >5.9 cm in male patients, an LV end-diastolic diameter of >5.6 cm in female patients, or LV end-diastolic volume index >125 mL/m 2 . History or evidence of ischemic heart disease was an exclusion criterion.
Only patients who were injected with MSCs were included in this post hoc analysis.
Cardiac Functional Capacity and Quality of Life Analysis
Cardiac contrast enhanced computed tomography or delayed enhancement magnetic resonance imaging (depending on pacemaker) was obtained at baseline and 1 year after TESI. Cardiac imaging was used to assess EF, stroke volume (SV), end-diastolic volume (EDV), end-systolic volume (ESV), sphericity index (SI), and end-diastolic mass (EDM). Qualityof-life parameters measured the 6-minute walk test (6MWT), New York Heart Association (NYHA) class, and the Minnesota Living with Heart Failure Questionnaire (MLHFQ), all of which were obtained at baseline and 1 year. Data were collected using a central electronic data system.
Statistical Analysis
For continuous measures, normality of data was tested using the Shapiro-Wilk test along with assessment of histograms, distribution of mean and median, Q-Q plots, kurtosis, and skewness. 
Results

Patient Population
The TAC-HFT study enrolled a total of 65 patients with ICM, of whom 19 were treated with autologous MSCs, 19 were treated with bone marrow mononuclear cells, and 21 received placebo. The 16 patients who were treated with autologous MSCs and completed baseline and follow-up imaging parameters were included in this study. The POSEIDON study enrolled a total of 31 patients, of whom 30 were treated with autologous (n=15) or allogeneic (n=15) MSCs. One patient was excluded from the study secondary to an LV thrombus. Twenty-seven patients who had repeat imaging performed were included in this study. The POSEIDON-DCM trial enrolled 37 patients (n=18 for autologous MSCs and n=19 for allogeneic MSCs), of whom 34 received TESI of MSCs (n=16 autologous and n=18 allogeneic). In this study, we included 24 patients who completed imaging, of whom 9 were treated with autologous MSCs and 15 were treated with allogeneic MSCs. Ten patients were excluded from the 34 who were treated: 2 were attributable to death (both unrelated to treatment), 2 became ineligible (automated implantable cardioverter-defibrillator placement), 3 received a cardiac transplant, and 3 withdrew from the study. Table 1 shows the baseline characteristics of the patients included in this study. The mean age of the pooled patients in this post hoc analysis was 61.4AE10.0 for those with ICM (n=43) and 55.4AE12.1 for those with DCM (n=24; P=0.04). As expected, there are more males in the ICM group. In addition, more patients with ICM had a history of arrhythmias and hyperlipidemia than did patients with DCM. The baseline 6MWT was better in the patients with DCM. With regards to autologous versus allogeneic MSC treatment, a greater number of patients with ICM received autologous MSCs in this study.
Cardiac Function
Patients with DCM had significant improvements in cardiac function (EF, SV) as compared to those with ICM. The baseline EF in patients with DCM was 27.0AE10.0%, which improved by 7.0% (95% CI, 2.9, 11.1; within-group, P=0.002) at 12-month follow-up. The baseline EF in patients with ICM was 30.5AE10.5%, with no change at follow-up (within-group, P=0.14). There was also a between-group difference favoring patients with DCM (P=0.003) ( Figure 1A) . At baseline, SV in the DCM group was 84.3AE27.2 mL, which increased by 10.6 mL (95% CI, 0.2, 21.0; within-group, P=0.046) in response to treatment. Patients with ICM had a baseline SV of 81.5AE26.2 mL, and there was no change in SV at follow-up (within-group, P=0.73). SV improved more in patients with DCM than in patients with ICM (between-group, P=0.02; Figure 1B ).
Cardiac Remodeling
Patients with ICM exhibited a negative remodeling effect, as indicated by significant improvements in EDV, SI, and EDM. Moreover, the improvements in SI and EDM were greater in patients with ICM compared to DCM. The ESV decreased in the DCM group by À17.8 mL (interquartile range, À54.5, 17.0; within-group, P=0.049) and did not change in the ICM group (within group, P=0.1) (between-group difference, P=0.39; Figure 1C ). The EDV in patients with ICM was reduced after MSC treatment by À8.3 mL (95% CI, À21, À0.3; within-group, P=0.05). In patients with DCM, there was no change in EDV at follow-up (within-group, P=0.58), and there was no difference in the change in EDV between patients with ICM and patients with DCM (P=0.85; Figure 1D ). SI at baseline in ICM was 0.48AE0.1 and decreased by 0.04 (95% CI, À0.06, À0.02; within-group, P=0.0002) at follow-up. Patients with DCM had a baseline SI of 0.53AE0.1 with no change at follow-up (withingroup, P=0.9). Furthermore, at 1-year follow-up there were greater improvements in SI in the ICM group versus DCM (P=0.004; Figure 1E ). EDM at baseline was 212. Figure 1F ). Figure 2C ).
Functional Capacity and Quality of Life
Discussion
Although other studies have investigated the efficacy of cellbased therapy in mixed patient populations of cardiomyopathy, [24] [25] [26] evidenced by improved SI, EDV, and EDM. Importantly, quality of life and functional capacity (NYHA class, MLHFQ, and 6MWT) improved in both cohorts, illustrating that these parameters can improve even if classic measures of cardiac function (such as EF) do not.
It is important to note that these findings are in contrast to those in the IMPACT-DCM (Use of Ixmyelocel-T in Patients With Heart Failure Due to Dilated Cardiomyopathy) trial, in which patients with DCM were stratified by ischemic or nonischemic status and randomized to either ixmyelocel-T, a multicellular therapy produced from autologous bone marrow mononuclear cells with selective expansion of MSCs and macrophages, administered intramyocardially, or standard of care. 26 Notably, major adverse cardiovascular events during follow-up were lower in the ischemic patients treated with ixmyelocel-T compared to control patients, whereas this benefit was not found in the nonischemic patients. Moreover, ixmyelocel-T treatment improved NYHA Class, 6MWT, and MLHFQ scores in the ischemic patients relative to control, but not in the nonischemic population. On the other hand, in a phase II dose-escalation study investigating immunoselected allogeneic bone marrow-derived mesenchymal progenitor cells delivered by TESI in patients with ICM and DCM, no differences were observed in EF at 1 year of follow-up, although the high-dose group had a significant reduction in LV ESV and EDV, indicating improvement in reverse remodeling at 6 months and a nonsignificant decrease of both ESV and EDV at 12 months. 24 More recently, the Randomized Clinical Trial of Intravenous Infusion Umbilical Cord Mesenchymal Stem Cells on Cardiopathy showed that intravenously infused umbilical cord-derived MSCs produced significant improvements in EF, NYHA class, and MLHFQ at 3, 6, and 12 months of follow-up in patients with HF attributable to either ischemic or nonischemic causes. 25 The differences between these studies may be attributable, at least in part, to differences in the cell types studied and to the use of autologous versus allogeneic cells, underscoring the need to do further larger clinical studies. Taken together, the results of this subanalysis do not support the hypothesis that patients with DCM respond better to MSCs than those with ICM. Although the findings here show a significant improvement in EF in DCM as compared to the ICM group, both groups experienced improvements in quality of life as measured by the MLHFQ, clinical symptoms (NYHA classification), and functional capacity as measured by 6MWT. An improvement in EF has historically been associated with a clinically meaningful improvement. 27 Interestingly, this study provides evidence against that paradigm because both groups experienced improvements in quality of life, highlighting the importance of evaluating a variety of efficacy end points rather than a single functional parameter to determine the overall benefit from cell-based therapies, an idea supported by several investigators in the field. [27] [28] [29] [30] Similarly,
several clinical trials evaluating cell-based therapies for both forms of HF found that stem cells improved quality of life and functional parameters without sustained improvements in EF. [31] [32] [33] [34] Although both patient populations experienced quality-of-life improvements, the MLHFQ score improved more in the DCM group. Larger studies are needed to further substantiate this finding. It is also important to consider that a major limitation of this analysis is that there may be further subsets of patients in both groups that may be identified in the future as being highly responsive to cell-based therapy.
MSCs have been shown to exert their reparative effects by 4 main mechanisms: decrease in fibrosis, increase in neovascularization, and immunomodulation, as well as direct enhancement of endogenous stem cell activity. 5, 35, 36 Few clinical trials have been conducted on patients with DCM, 1, 37 further stressing the importance of understanding the differences in responses to cell therapy compared to ICM. Histopathologic analyses have revealed a greater prevalence of replacement fibrosis and a lesser degree of myocardial hypertrophy in patients with ICM compared to DCM. 13 The mechanisms by which MSCs may have improved cardiac function in patients with DCM include the restoration of endothelial function, which enhances coronary circulation, 6, 38 and the reduction of fibrosis and tumor necrosis factor-a, an inflammatory biomarker associated with worsening HF and contractility. 39, 40 Those with ICM likely benefit mostly from the stem cells' antifibrotic properties through reduction in scar size and subsequent reverse remodeling as indicated by a reduction in SI and ESV. 7, 29 This may be explained in part by the enhancement of endogenous cardiomyocyte proliferation and a subsequent increase in ventricular mass. There are notable limitations in this study. The baseline disease severity of these patients varied. Those with cardiac defibrillators and those necessitating cardiac resynchronization usually suffered from more depressed cardiac function and advanced stages of chronic HF. In addition, this study combined cell dose groups (20 million, 100 million, and 200 million cells) and the donor source of the cell (autologous and allogeneic bone marrow-derived MSCs) in order to increase the power of the study with the increase in the number of treated patients. The numbers of patients assessed for the different end points differed from those reported in the original trial publications for various reasons (eg, lack of followup in regards to quality of life, lack of repeat imaging, death, and/or ineligibility because of placement of an automated implantable cardioverter-defibrillator). Future studies will allow for more rigorous assessment of those parameters and their therapeutic outcomes. Similarly, a lack of comparison against a placebo in both groups makes it difficult to draw firm conclusions about each disease process. However, despite these limitations, we believe that this analysis parallels other HF studies utilizing MSCs, while enhancing the understanding of how MSCs may modulate the structure and function of the heart regardless of disease process.
Conclusion
This subanalysis of 3 single-center clinical trials suggests that MSCs benefit the treatment of patients with DCM and ICM via distinct phenotypic modes of action. Human MSCs exert antiremodeling effects in chronic ischemia, whereas functional parameters of HF are improved in DCM. Most importantly, quality-of-life symptoms and functional capacity are enhanced regardless of HF etiology. Given these outcomes, larger placebo-controlled clinical trials evaluating the efficacy of MSC therapy in both HF types is warranted, and EF should not be used as the primary marker for stem cell efficacy.
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